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Amphibianidney to develop and is the functional embryonic kidney in lower vertebrates. It
has previously been shown that pronephric tubules can be induced to form ex vivo in ectodermal tissue by
treatment with activin A and retinoic acid. In this study, we investigated the role of Ca2+ signaling in the
formation of the pronephric tubules both in intact Xenopus embryos and ex vivo. In the ex vivo system,
retinoic acid but not activin A stimulated the generation of Ca2+ transients during tubule formation.
Furthermore, tubule differentiation could be induced by agents that increase the concentration of
intracellular Ca2+ in activin A-treated ectoderm. In addition, tubule formation was inhibited by loading the
ectodermal tissue with the Ca2+ chelator, BAPTA-AM prior to activin A/retinoic acid treatment. In intact
embryos, Ca2+ transients were also recorded during tubule formation, and photo-activation of the caged Ca2+
chelator, diazo-2, localized to the pronephric domain, produced embryos with a shortened and widened
tubule phenotype. In addition, the location of the Ca2+ transients observed, correlated with the expression
pattern of the speciﬁc pronephric tubule gene, XSMP-30. These data indicate that Ca2+ might be a necessary
signal in the process of tubulogenesis both ex vivo and in intact embryos.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe ﬁrst kidney to form in embryos of all vertebrate species is the
pronephros, which arises de novo from cells in the intermediate
mesoderm. This embryonic kidney is subsequently replaced by a
mesonephros and then (in birds and mammals) by a metanephros
(Saxén and Sariola, 1987). In the amphibian, the development of the
pronephros is rapid, i.e., it is completed within 2 days, and its
organization is relatively simple. Speciﬁcation of the pronephric
tissue ﬁeld can ﬁrst be identiﬁed at the end of gastrulation, in the
early neurula stage. Xenopus laevis (Linnaeus) larvae possess two
pronephroi, each of which consists of just one nephron (the
functional unit of the kidney), which form between the paraxial
mesoderm and the lateral plate, just behind the head. The prone-
phros is comprised of three components: a large glomus that ﬁlters
waste into the coelom; a coiled tubule, which collects the ﬁltrate viac kidney disease; BAPTA-AM,
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l rights reserved.three ciliated nephrostomes, and a pronephric duct that transports
the waste to the cloaca (Vize et al., 1995). The amphibian embryo is a
very attractive experimental system for exploring the early develop-
ment of the nephric organs as it can be easily manipulated by
microsurgery and microinjection. In addition, the Xenopus embryo
provides an ex vivo system to study nephrogenesis via animal cap
ectodermal cells. These cells are multipotent and exhibit develop-
mental plasticity. Thus, they can differentiate into a variety of neural,
mesoderm and/or endoderm tissues upon receiving the appropriate
signal from a particular inducer or inducers. Indeed, co-treatment of
ectodermal cells with activin A (i.e., a mesodermal inducer) and
retinoic acid leads to the differentiation of a functional pronephros,
composed of the three lineages: the glomerulus, pronephric tubule
and duct (Moriya et al., 1993). While a considerable amount is already
known about the signals that ﬁrst induce and regionalize the
mesoderm, much less is known about the signals that later deﬁne
the pronephric ﬁeld. A number of genes, including Xlim1, XPax2,
XPax8, Xwnt4 and XWT1, have been shown to be essential for kidney
development (Jones, 2003). While the molecular mechanisms under-
lying pronephros organogenesis are still in general poorly under-
stood, recent work shows that retinoic acid signaling is required
during gastrulation for the onset of Xlim-1 and XPax-8 expression
within the pronephric precursors (Cartry et al., 2006).
Evidence indicates that a Ca2+ signaling pathway (or pathways)
might play a major role in the development of the ﬁrst embryonic
kidney. Indeed, in Xenopus, expression of NDRG1 transcript is ﬁrst
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pronephros anlagen at early tailbud stage. The depletion of xNDRG1
using a speciﬁc morpholino causes failure of pronephros development
(Kyuno et al., 2003). NDRG1 is a member of the N-myc downstream-
regulated gene family that has been linked to cellular processes of
growth arrest and terminal differentiation (Ellen et al., 2008). Its
expression is ubiquitous in tissues and can bemodulated by numerous
agents including hypoxia, retinoic acid (Piquemal et al., 1999) and an
intracellular rise in Ca2+ through a mechanism independent of the
cellular stress pathway (Salnikow et al., 2002). In addition, the Xeno-
pus homologue of the senescence marker protein-30 (SMP-30), is
selectively expressed in the pronephric tubules from the late tadpole
stage and in animal caps treated with both activin A and retinoic acid
(Sato et al., 2000). SMP-30, also called Regucalcin (Yamaguchi, 2000),
is a Ca2+-binding protein that is highly conserved in vertebrates. In
mammals, SMP-30 is present in the cytoplasm of hepatocytes and in
the proximal tubular epithelia of the kidney (Fujita et al., 1992a,b). It
has been shown to participate in the regulation of cytosolic Ca2+
homeostasis by increasing the activity of a Ca2+-pumping ATPase in
cell lines (Fujita et al., 1998) as well as in the basolateral membranes
isolated from rat kidney cortex (Kurota and Yamaguchi, 1997). There is
also evidence to suggest that a Ca2+ signaling pathway might play a
major role in renal tubulogenesis from data showing that the
polycystin-1/polycystin-2 complex, which functions as a Ca2+-perme-
able cation channel, may play a potential role in renal mammalian
tubular differentiation (Boletta and Germino, 2003).
In order to further investigate the functional role of Ca2+ in
amphibian tubulogenesis, we have undertaken a study of intracellular
Ca2+ dynamics in the ex vivo animal cap explant system, in a
pronephros territory explant system, and in intact Xenopus embryos
using the bioluminescent Ca2+-sensitive photoprotein, aequorin
(Shimomura, 1991). Aequorin-generated light was imaged non-
invasively for ∼24 h of development from late gastrula to tail bud
stages (Leclerc et al., 2000). Using a Photon Imaging Microscope (PIM;
Webb et al., 1997) we have directly visualized the characteristics of
dynamic Ca2+ transients in explants and intact embryos in relation to
tubulogenesis. The effects of Ca2+ chelators on the explants or during
development of intact embryos suggest that Ca2+ transients are
necessary for tubulogenesis. In addition, the regions displaying
increased Ca2+ transient activity correlate with the expression of
XSMP-30, a gene reported to be involved in tubulogenesis.
Materials and methods
Embryo collection
Embryos were obtained by in vitro fertilization of eggs from
hormonally-stimulated adult female Xenopus laevis. Embryos were
dejellied in 2% cysteine hydrochloride made up in Steinberg's solution
(58mMNaCl, 0.67mMKCl, 0.34mMCa(NO3)2, 0.83mMMgSO4, 3mM
HEPES; pH 8) and maintained in Steinberg's solution containing
100 mg/L kanamycin sulfate (pH 7.4; Peng, 1991). Embryos were
staged according to Nieuwkoop and Faber (1967).
Microdissection of animal cap and explant culture
All manipulations were performed in Steinberg's solution on a
cushion of 1% agarose (prepared in Steinberg's solution). Embryos
weremanipulated and dissectedwith ﬁnewatchmakers' forceps and a
platinum microsurgery tip of 400 µm width (Xenotek Engineering,
Belleville, IL, USA). Presumptive ectoderms (animal caps) were
isolated from blastula stage embryos (stages 8–9) and immediately
transferred to test solutions, prepared as described (Moriya et al.,
1993) using recombinant human activin A (10 ng/mL, Sigma) and all-
trans retinoic acid (10−4 M, Sigma). The animal caps were cultured in
these test solutions for 3 h, after which they were washed twice inSteinberg's solution to remove activin A and retinoic acid from the
medium. They were then cultured for 2 days as described previously
(Moriya et al., 1993). The size of the dissected animal caps
(∼0.16 mm2) and the culture conditions were chosen following a
previous report (Uochi and Asashima, 1996) in order to obtain the
highest rate of pronephric tubule formation. All incubations were
carried out at 20 °C. For the Ca2+-blocking experiments, explants were
treatedwith 20 µM of the Ca2+ chelator BAPTA-AM (Fluka, dissolved in
DMSO) or 50 µM lanthanum chloride heptahydrate (Sigma, dissolved
in Steinberg's solution) 30 min prior to the assay and left for the
duration of the experiment. Cycloheximide (Sigma) dissolved in
Steinberg's solution, was used at 10 µg/mL as described by Batut et al.
(2005). Caffeine (10 mM), ammonium chloride (NH4Cl; 10 mM) and
ionomycin (1 µM) were also obtained from Sigma, and also dissolved
in Steinberg's solution.
Explants comprising of the pronephros territory were removed
from late-gastrula to early neurula (i.e., stages 13.5 to 14) embryos as
described previously (Brennan et al., 1998) and were cultured
individually in Steinberg's solution until the equivalent of stages
35/36. For histological examination, animal caps and pronephros
territory explants were ﬁxed when sibling embryos either reached
stages 35/36 (for expression of XSMP-30) or 41 (for immunological
detection of 3G8).
Immunohistochemistry and in situ hybridization
Whole-mount immunohistochemistry and in situ hybridization
was performed on embryos, animal caps and pronephros territory
explants ﬁxed in MEMFA (0.1 M MOPS, pH 7.4, 100 mM EGTA, 1 mM
MgSO4, and 4% formaldehyde). For immunohistochemistry, the
primary antibodies used were the monoclonal antibodies 3G8 and
4A6 (kindly provided by Dr. E.A. Jones, University of Warwick,
Coventry, UK), which are speciﬁc to the pronephric tubule and
pronephric duct, respectively (Vize et al., 1995). The secondary
antibodies used were TRITC-conjugated goat anti-mouse (Immuno-
tech, USA) and alkaline phosphatase-conjugated goat anti-mouse
(Promega). Whole-mount in situ hybridization was carried out
according to (Harland, 1991). The XSMP30 probe (Sato et al., 2000)
was kindly provided by Dr R. Nishinakamura (University of Tokyo,
Japan). BCIP/NBT (Boehringer) was used for the colour reaction,
according to the manufacturer's recommendations.
Isolation of RNA and RT-PCR
The total RNA from one embryo of Xenopus laevis and from ten
animal caps excised at stages 8–9 was isolated with the RNeasy kit
(QIAGEN). 50 ng RNA was reversed transcribed with the Sensiscript™
reverse transcriptase (QIAGEN) as described in the manufacturer's
protocol. The primer sets used: for XMyoDb and N-CAM were
according to the Xenopus Molecular Marker Resources; for XSMP-30
they were as described by Sato et al. (2000); and for Histone H4
they were from Niehrs et al. (1994). We designed the following
primers for XPax8, 5′-TCAAGGCAGTGTGGGGATCA-3′ (forward) and
5′-TCCAGGAAGGTGGGGCTACA-3′ (reverse); Zic3, 5′-GATCAT-
TATGCTGCCCAAT-3′ (forward) and 5′-CGGTATGCACCCTGATAT-3′
(reverse). RT-PCR analyses with these primers were performed for
35 cycles using a Crocodile PCR-thermocycler (AppliGene). The
absence of genomic contamination was systematically checked with
histone H4 ampliﬁcation of the RNA samples without reverse
transcriptase. Similar results were obtained from three independent
experiments for each assay.
Microinjection and ﬂash photolysis of caged-compounds
Embryos were carefully selected at the 4-cell stage (stage 3) by
their stereotypic cleavage pattern showing the dorsal micromeres as
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injection of f-aequorin (at ∼1% in 100 mM KCl, 5 mM MOPS, 50 µM
EDTA; The Photoprotein Lab., Falmouth, MA, USA) or diazo-2 (caged
BAPTA; 50 mM; Molecular Probes) was performed according to
(Leclerc et al., 2000) with the following modiﬁcations. Injection was
performed into the lateral marginal zone of 4-cell stage embryos
and either EGFP mRNA (250 pg) or lacZRNA (250 pg to 500 pg) were
co-injected with the f-aequorin or diazo-2 and used as a lineage
tracers. The activity of f-aequorin in vivo is not modiﬁed by the
simple co-injection with EGFP (Baubet et al., 2000). Embryos were
then screened at early neurula (stage 14) for the localisation of the
tracer into the presumptive pronephric territory. To carry out UV
photolysis, a custom optical system was built. It is composed of a
100-W mercury arc ﬂash lamp, equipped with a UV transmitting
fused-silica condenser, and a shutter placed in the optical path. The
location and focusing of the spot of uncaging light were adjusted
with controls so the spot was centred on the embryo in order to
deliver a homogeneous ﬂash. We have determined, using a UV
meter (UVP, San Gabriel, California, USA) that the optimum for
uncaging is to deliver 500 µW/cm2/min at 360 nm. Embryos were
illuminated for 1 min.
Temporal and spatiotemporal data acquisition
Temporal aequorin-generated data were acquired using a photo-
multiplier tube (PMT) as described by (Leclerc et al., 2000).
Aequorin-generated images were gathered using a custom-designed
PIM system, as described previously (Webb et al., 1997). Photon
images were collected using a Zeiss Plan Neoﬂuar 5X 0.15 NA
objective. The imaging system allows us to review aequorin-
generated photon data with any chosen integration period as well
as time-steps between the integration periods. Additional calcium
imaging experiments were carried out using ﬂuorescent Ca2+
sensitive probe, Fluo-3/AM. Experimental procedures are described
in legend of the supplementary ﬁgure, S1.
Results
Effect of activin A and retinoic acid on intracellular Ca2+ concentration,
[Ca2+]i, in ectoderm cells
It has been previously shown that treatment of animal cap
ectoderm, dissected from blastula stage Xenopus embryos, with
10 ng/ml activin A and 10−4 M retinoic acid results in the formation
of pronephric tubules at high frequency, whereas, treatment of
animal caps with activin A or retinoic acid alone does not (Moriya et
al., 1993; and Fig. 1A inset). Using the ex vivo explant system, we
have started to explore the role of Ca2+ signalling during this
pronephric tubule induction process in Xenopus. Ca2+ measurements
were performed with the bioluminescent Ca2+ reporter, aequorin
(Shimomura, 1991). Ectoderm tissue was dissected at late blastula
(stage 9) and temporal patterns of Ca2+ signals were obtained with a
photomultiplier tube (PMT), as described previously (Leclerc et al.,
2003). Without treatment, no Ca2+ signal was observed in animal
caps (data not shown). Fig. 1A shows the Ca2+ signals acquired from
a representative explant (n=7) obtained after simultaneous applica-
tion of activin A (10 ng/mL) and retinoic acid (10−4 M). An increase
in [Ca2+]i was observed approximately 1 h after treatment and
reached a maximum about 4 h later. This increase in [Ca2+]i resulted
from two components: (1) a slow Ca2+ rise, which returned to the
baseline after 10 to 15 h and superimposed on this, (2) a distinct
series of Ca2+ transients was also detected. Such temporal signals
can also be resolved spatially by using aequorin-based Ca2+ imaging
and a PIM. Fig. 1B shows a sequence of some of the Ca2+ signals that
were acquired from a representative explant for around 6.5 h during
treatment with activin A and retinoic acid. This spatial analysisrevealed that the distinct Ca2+ transients observed in the trace of Fig.
1A indeed correspond to speciﬁc tissue domains within the explant
where the Ca2+ transients are generated.
It has previously been reported that ectoderm explants may be
induced to form pronephric tubules by incubation with activin A
(10 ng/mL) alone for 3 h followed by incubation with retinoic acid
(10−4 M) for 3 h (Chan et al., 2000). Fig. 1C shows that the sequential
application of activin A followed 3 h later by retinoic acid leads to an
increase in [Ca2+]i (n=2),which only occurs approximately 1 h after the
start of retinoic acid treatment. To further conﬁrm that the generation
of Ca2+ signals is due to the action of retinoic acid and not activin A,
explants were treated either with activin A alone or with retinoic acid
alone. Figs.1D andE show that activin A alone (n=4) is unable to trigger
an increase in [Ca2+]i over a period of 3 to 4 h (Fig. 1D), while retinoic
acid alone, (n=4) induces an increase in [Ca2+]i within approximately
1 h following the start of treatment (Fig. 1E), with a time-course
somewhat similar to those observed with the simultaneous and
sequential induction protocols (compare Fig. 1E with Figs. 1A and C). It
has been reported that the retinoic acid-induced expression of the
early pronephros marker Xlim-1 can be blocked by cycloheximide
(Tadano et al., 1993). We therefore addressed whether retinoic acid
alone could still induce an increase in [Ca2+]i in the presence of the
protein synthesis inhibitor cycloheximide. Explants were treated with
cycloheximide (10 µg/mL) 60min prior to Ca2+ recording.We observed
that the retinoic acid-induced Ca2+ increase is totally blocked (n=3; see
supplemental ﬁgure, S1).
The sequential activin A/retinoic acid incubation treatment is
able to trigger the differentiation of both tubules and ducts, as
revealed by immunohistochemistry with 3G8 and 4A6 antibodies,
respectively (data not shown). Furthermore, RT-PCR observations
indicate that the sequential application of activin A and retinoic acid
induces the expression of XSMP-30 at stages 36/37 in animal caps
(Fig. 1F) while activin A or retinoic acid alone are unable to trigger
the expression of XSMP30.
The conditions used to induce pronephric tubules formation in
excised animal caps were chosen to obtain the highest rate of
pronephric tubules formation (Uochi and Asashima, 1996). It has
been reported, however, that treatments of animal caps with lower
concentrations of retinoic acid (i.e., 10−5 M) also induce the
differentiation of neural tissues (Moriya et al., 1993). In order to
determine whether neural tissue is also induced under our
experimental conditions, we looked for the expression of two pan
neural markers, Zic3 and N-CAM. As shown in Fig. 1F, the expression
of both neural markers, Zic3 and N-CAM are induced upon activin
treatment as well as in animal caps treated with the combination of
activin and retinoic acid. In the whole embryo, at gastrulation, Zic3 is
detected in the prospective neural plate and in the dorsal
mesoderm; this mesodermal expression of Zic3 being under the
control of the activin-induced gene Xbra (Kitaguchi et al., 2002). N-
CAM itself is being induced by Zic3 (Nakata et al., 1997). The
expression of Zic3 and N-CAM however; is not induced by retinoic
acid alone. Therefore, this strongly suggests that the Ca2+ signals that
were observed following retinoic acid treatment are not associated
with the formation of neural tissue.
Ca2+ is a necessary signal for pronephric tubule differentiation in vitro
In order to test whether Ca2+ is the cause or the consequence of the
differentiation of the pronephric tubules, the increase in [Ca2+]i was
blocked via the application of the Ca2+ chelator BAPTA. Animal caps
from stage 9 embryos were incubated for 30 min with 20 µM of
BAPTA-AM, the membrane-permeant form of BAPTA, prior to
induction with activin A and retinoic acid. This pre-incubation with
BAPTA-AM was necessary in order to load all the cells with the
chelator and to allow time for the hydrolyzation of the acetoxymethyl
ester radical to release the active form of the chelator within cells.
Fig.1. The changes in intracellular Ca2+ that occur in animal caps during the induction of pronephric tubules by activin A and retinoic acid. (A) A representative example of a PMT trace
obtained from an aequorin-loaded animal cap (onemeasure each 10 s). An increase in light emission, expressed in photons per second and reﬂecting an increase in [Ca2+]i, is recorded
∼1 h following treatment with activin A (10 ng/mL) and retinoic acid (10−4 M). Two days after the addition of activin A and retinoic acid, the differentiation of pronephric tubules can
be visualized within the animal cap using the 3G8monoclonal antibody (inset). Scale bar is 10 µm. (B) Representative example of the spatial distribution of Ca2+ transients that occurs
over a period of 6.5 h during activin A and retinoic acid treatment. The upper panels show a representative sequence of aequorin-generated luminescence images, acquired with the
PIM. Each image represents 120 s of accumulated light. The lower panels are the corresponding bright-ﬁeld images of the animal cap displayed above. Color scale indicates
luminescent ﬂux in photons/pixel. Scale bar is 200 µm. (C, D) Representative examples of PMT traces obtained from aequorin-loaded animal caps (one measure each 10 s). Light
emission, expressed in photons per second and reﬂecting an increase in [Ca2+]i, is recorded upon: (C) the sequential addition of ﬁrst activin A (for 3 h) and then retinoic acid (for 3 h);
(D) the addition of activin A (10 ng/mL) alone, and (E) the addition of retinoic acid (10−4 M) alone. (F) The expression of the pronephric tubule marker XSMP-30 and of two pan neural
markers Zic3 and N-CAM from 10 animal caps was measured by RT-PCR. Animal caps were either untreated (−) or treated (+) with activin A (10 ng/mL), retinoic acid (10−4 M), or the
sequential application of activin A and retinoic acid. RNA from one sibling embryo at stage 35 served as positive control and PCR on RNAwithout reverse transcriptionwas performed
to check the absence of genomic DNA (−RT). H4 (histone H4) was used as a loading control.
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differentiation of the tubules and the formation of the duct were
visualized using the 3G8 and 4A6 antibodies, respectively (Vize et al.,
1995). As shown in the representative examples in Fig. 2A, thedifferentiation of the tubules (Fig. 2A upper right panel) and ducts (Fig.
2A, lower right panel) in the BAPTA-AM loaded animal caps was
signiﬁcantly modiﬁed compared with that in the untreated controls
(Fig. 2A, upper and lower left panels), and in the more severe
Table 1
Dose-dependant effect of BAPTA-AM on the inhibition of tubule formation in animal
caps treated with activin A (AA) and retinoic acid (RA)
Animal cap treatment n % 3G8-positive animal caps
Untreated 60 0
AA alone 20 0
AA + RA 60 100
[BAPTA-AM](µM)
AA + RA + BAPTA-AM 1 20 100
5 10 ⁎ND
10 20 ⁎⁎ND
20 34 ⁎⁎⁎17.6
Concentrations of 10 ng/mL Activin A and 10−4 M Retinoic acid were used; ND indicates
experiments where 3G8 labelling was not carried out, however, ⁎ a reduced number and
⁎⁎ either a reduced number or complete lack of tubules was observed on sectioning the
animal caps. ⁎⁎⁎ 6/34 showed reduced positive staining for the 3G8 antibody.
Fig. 2. Effect of blocking the Ca2+ increase on tubule differentiation. (A) The animal caps removed at stages 8–9were incubated in the presence (right panels) or absence (left panels) of
20 µM BAPTA-AM for 30min prior to incubationwith activin A (10 ng/mL) and retinoic acid (10−4 M) for 3 h. Animal caps were then cultured until stage 39, ﬁxed and immunolabeled
with the tubule-speciﬁc monoclonal antibody, 3G8 (upper panels) or with the duct-speciﬁc monoclonal antibody, 4A6 (lower panels). Scale bar is 100 µm. (B) A representative
example of a PMT trace obtained from an aequorin-loaded animal cap pre-incubated in 50 µM La3+ prior to the addition of activin A and retinoic acid. Light emission, expressed in
photons per second and reﬂecting changes in [Ca2+]i, is inhibited in the presence of La3+. Inset, increase in light emission upon addition of activin A and retinoic acid on a sibling
control animal cap. (C) The expression of the early pronephros marker XPax8, and of the pronephric tubule marker XSMP-30 in 10 animal caps measured by RT-PCR. Animal caps were
pre-incubated (+) or not (−) for 30 min in 20 µM BAPTA-AM or 50 µM La3+ prior to incubation with activin A and retinoic acid. (D) Expression of XMyoD, a marker for somitic
mesoderm, in animal caps measured by RT-PCR. RNA from one sibling embryo at stage 35 served as positive control and PCR on RNAwithout reverse transcriptionwas done to check
the absence of genomic DNA (−RT). H4 was used as a loading control.
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recorded (Table 1). These data indicate that the inhibition of an
increase in [Ca2+]i in an animal cap preparation interferes with
nephrogenesis in a dose-dependent manner.
The requirement of an inﬂux of extracellular Ca2+ for the
triggering of pronephros differentiation cannot be demonstrated
by incubating animal caps in Ca2+-free medium because it provokes
complete dissociation of the ectodermal cells (Saint-Jeannet et al.,
1990). We chose, therefore, to use lanthanum chloride (La3+), which
has been reported to be a potent antagonist of Ca2+ channels and
particularly of most TRP channels (Hagiwara and Byerly, 1981; Zhu
et al., 1998; Kamouchi et al., 1999; Halaszovich et al., 2000; Riccio
et al., 2002). As shown in Fig. 2B, the usual slow rise in [Ca2+]i
observed in control embryos (see Fig. 2B inset) is inhibited in
animal caps treated with activin A and retinoic acid in the presence
of 50 µM La3+.
We next examined the expression of two pronephros markers;
XPax8 and XSMP-30 in animal caps that had been pre-incubated for
30 minwith 20 µM BAPTA-AM or with 50 µM La3+ before the addition
of activin A and retinoic acid. It has been reported that XPax8 is ﬁrst
detected at late gastrula in the presumptive pronephros and ismaintained in the tubules up to stage 36 (Carroll et al., 1999), whereas
XSMP30 is selectively expressed in pronephric differentiated tubules
at late tadpole stage (Sato et al., 2000). Treatment with either 20 µM
BAPTA-AM or 50 µM La3+ resulted in a signiﬁcant reduction in the
Fig. 3. Ca2+ is sufﬁcient to trigger tubulogenesis following activin A treatment in animal
caps. (A) Animal caps, excised at stages 8–9, were incubated for 3 h with activin A
(10 ng/mL) and then for an additional 3 h with either retinoic acid (10−4 M; upper left
panel), caffeine (10 mM; upper right panel), ionomycin (1 µM; lower left panel), or
NH4Cl (10 mM; lower right panel). The animal caps were then cultured until stage 41,
ﬁxed and immunolabeled with the tubule-speciﬁc monoclonal antibody, 3G8. Scale bar
is 100 µm. (B) RT-PCR analysis of the expression of the early pronephros marker XPax8,
and of the pronephric tubule marker XSMP-30. Animal caps were untreated (−) or
treated for 3 h (+) with activin A (10 ng/mL) and then for an additional 3 h with either
retinoic acid (10−4 M) or caffeine (10 mM). RNA from one sibling embryo at stage 35
served as positive control and PCR on RNA without reverse transcription was done to
check the absence of genomic DNA (−RT). H4 was used as a loading control.
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immunohistochemistry (Fig. 2A) and Ca2+ measurement (Fig. 2B) data
obtained following treatment with either 20 µM BAPTA-AM or 50 µM
La3+, respectively.
Activin A can induce the formation of almost all mesoderm-
derived tissues in animal caps in a dose-dependantmanner (Asashima
et al., 2004). For example, at 10 ng/mL it can induce muscle (Ariizumi
et al., 1991). In order to test whether the effect of BAPTA-AM and La3+
on XSMP-30 expression was due to the direct knocking-down of the
increase in [Ca2+]i rather than being in some way due to an indirect
effect via the inhibition of activin A action on gene expression, their
effect on the expression pattern of XMyoD, a marker for somitic
mesoderm (Hopwood et al., 1989) was also tested. The results clearly
showed that the expression of XMyoD was not modiﬁed as a result of
either BAPTA-AM or La3+ treatment (Fig. 2D). This suggests that the
reduction in the level of expression of XSMP-30 observed was a direct
result of inhibiting the normal slow rise in [Ca2+]i.
Is Ca2+ sufﬁcient to trigger tubulogenesis after activin A treatment?
With respect to the animal cap model, we propose that retinoic
acid is responsible for the increase in [Ca2+]i. Thus, if an increase in
[Ca2+]i is sufﬁcient to induce tubulogenesis, agonists that increase
[Ca2+]i should be able to mimic the effect of retinoic acid. To test this
hypothesis, activin A-treated animal caps were exposed to 10 mM
caffeine (which releases Ca2+ from ryanodine-sensitive intracellular
stores), 1 µM ionomycin (a Ca2+ ionophore), or 10 mM NH4Cl
(reported to increase [Ca2+]i via the inhibition of Ca2+ ATPases; Inesi
and Hill, 1983; Guerrier et al., 1993) for a period of 3 h. As shown in
Table 2 and Fig. 3A, these three agents were able to trigger
tubulogenesis. The effect was visualized using the 3G8 antibody,
which indicated that tubule differentiation took place (Fig. 3A).
Similarly, a 3-h treatment of activin A-treated animal caps with
caffeine (10 mM) was also shown to be able to induce the expression
of the early pronephros marker XPax8 (Carroll and Vize, 1999) and of
XSMP-30 (Fig. 3B). These experiments demonstrate that in activin-
treated animal caps, an increase in [Ca2+]i is sufﬁcient to trigger the
formation of pronephric tubules, when retinoic acid is replaced by
either ionomycin, NH4Cl or caffeine.
Imaging Ca2+ transients during tubulogenesis in intact Xenopus embryos
The next question addressed was whether an increase in [Ca2+]i
was also associated with pronephros development in intact embryos.
In order to visualize [Ca2+]i dynamics, 4-cell stage embryos were co-
injected into the marginal zone with both f-aequorin protein and
EGFP mRNA (Fig. 4A left inset panel). As a result of these injection
protocols, both f-aequorin and EGFP were speciﬁcally located in the
presumptive pronephric territories during later development (Fig. 4ATable 2
Effect of a selection of agonists that increase [Ca2+]i on the formation of pronephric
tubules in animal caps
Animal cap treatment Number of 3G8 positive animal caps
Untreated 0/40
AA alone 0/30
AA + RA 28/34 (82%)
Caffeine alone 0/30
AA + caffeine 7/40 (17.5%)
AA + ionomycin 5/8 (∼60%)
AA + NH4Cl 5/8 (∼60%)
Animal caps isolated at blastula, were treated with activin A (10 ng/mL) for a period of
3 h and then exposed for an additional 3 h to either retinoic acid (10−4 M), caffeine
(10 mM), ionomycin (1 µM) or NH4Cl (10 mM), then cultured in Steinberg's solution for
2 days for immunohistochemistry analysis with the 3G8 antibody to reveal pronephric
tubules formation. Data correspond to 3 independent experiments, except for
treatment with ionomycin and NH4Cl which were done once, where n=8 embryos.right inset panel). Embryos were then selected that expressed EGFP,
speciﬁcally in the presumptive pronephros territories. Using a PMT,
the total aequorin-generated luminescence versus time for a
developing Xenopus embryo from stage 13 to stage 38 was recorded
(Fig. 4A). This represents about 24 h of development at 22 °C.
Increased levels of luminescence (and hence of [Ca2+]i; Fig. 4A) were
detected during this developmental time period (n=7). Two main
phenomena were recorded: (1) A slow rising component, i.e., a
gradual increase in the overall level of [Ca2+]i, which reached a
maximum level at about stages 15–16 and then returned to a stable
resting value by approximately stages 23–24, and superimposed on
this gradual change in [Ca2+]i. (2) A series of rapid transients of
increased luminescence which occurred all along the recording
period (Fig. 4A). These rapid transients of ∼30 s to 3 min duration
appeared as vertical spikes on the time scale used.
Fig. 4. Ca2+ is necessary for tubulogenesis in intact embryos. (A) f-aequorin was co-injected with EGFP mRNA (as lineage tracer), into the lateral marginal zone of one ventral and one
dorsal blastomere of stage 3 embryos (upper left panel). Embryos were screened at late gastrula/early neurula stage and those exhibiting expression of EGFP in the presumptive
pronephric territory were selected for subsequent examination via the PMT. These embryos were screened again at the end of the recording period to conﬁrm EGFP expression in the
pronephric tubules (upper right panel, white arrowheads). Anterior is to the left. Scale bar is 1 mm. A representative PMT trace indicating an increase in light emission, expressed in
photons per second (integration time 30 s) and reﬂecting an increase in [Ca2+]i, was recorded during the development of an embryo from late gastrula (stage 13) up to stages 37/38
when the tubules are fully differentiated (n=7). The main developmental stages, indicated on the red bar below the trace, are as follows: stage 13, late gastrula; stage 18, neural
groove stage; stage 21, neural tube completely closed and ﬁrst indication of pronephric anlagen; stage 23, 24-h old larva; stages 37/38, entire pronephros functional, 32-h old larva.
(B) The inactive caged Ca2+ chelator diazo-2was co-injectedwith EGFPmRNA as in (A) and photo-activation of diazo-2was performed at stages 16–17 (18 hpf). Dorsal view, anterior is
on top. Scale bar is 0.5 mm. (C) The effect of diazo-2 uncaging on pronephric tubule formation was recorded when the larvae reached stages 37/38 (middle panel). Larvae were ﬁxed
and whole-mount immunolabeled with the 3G8 monoclonal antibody to label the pronephric tubules. Scale bar is 0.5 mm. In this example, the left side of the larva displays normal
differentiated tubules (left panel) while the tubules on the diazo-2-injected/photoactivated side are shorter and wider (right panel). Scale bar is 100 µm for left and right panels. (D)
Example of an uncaging experiment (n=6) performed at gastrulation stage (stage 12.5). The uninjected (control) side of the larva (left pair of panels) displays normal development, as
shown by the correct morphology of the head and eye (bright-ﬁeld image) and a normal pronephric tubule (3G8 antibody ﬂuorescent image). However, the diazo-2-injected/
photoactivated side of the same larva (right pair of panels) shows that while the overall morphology of the larva is normal; see the morphology of the head and eyes (bright-ﬁeld
image), the morphology of the tubule is signiﬁcantly altered (3G8 antibody ﬂuorescent image). Scale bar is 0.5 mm.
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The requirement of an increase in [Ca2+]i for the triggering of
tubulogenesis could not be readily demonstrated by exposing a whole
embryo directly to a Ca2+ chelator, since incubation of a whole embryo
in a BAPTA-AM solution disrupts normal development, particularly
during gastrulation (data not shown). Thus, the caged, inactive Ca2+
buffer, diazo-2, was used (Adams et al., 1989). Diazo-2 is a Ca2+
chelator that increased its afﬁnity for Ca2+ afﬁnity upon photo-
illumination with approximately 500 µW/cm2 of excitation light at
360 nm. Diazo-2 was injected along with EGFP mRNA (as a lineage
tracer) into the marginal zone of one dorsal and one ventral
blastomere (for details, see Materials and Methods). This results in
the subsequent localization of the inactive caged chelator in a speciﬁc
embryonic domain on one side of the embryo that contains the
pronephric anlagen (Fig. 4B). Thus, only the future pronephric
territory on one side of the embryo contains the caged chelator. Thelateral mesoderm that develops on the opposite side of the embryonic
midline, (i.e., from the regions of the 4-cell stage embryo not injected)
can thus be used as an internal control. Diazo-2 was then photo-
activated at the later stages of development that are especially
relevant to tubulogenesis. This experimental protocol has the
advantage that active buffer can be un-caged in a particular region
of the embryo at a speciﬁc time-point. Two important developmental
time points were chosen to perform the diazo-2 un-caging. There
were at late gastrula stage (stages 11–12.5) around the time of
pronephric tubule speciﬁcation and at the end of neurulation (stages
16–17) just before the ﬁrst visible sign of pronephric morphogenesis
(Vize et al., 2003). Furthermore, this protocol avoids possible side-
effects resulting from chelating intracellular Ca2+ during gastrulation
and therefore avoiding perturbation of convergent extension move-
ments that may subsequently affect pronephric tubule formation.
Gastrulation proceeds correctly as shown by normal morphology of
the diazo-2 injected embryos (Fig. 4B–D). The effect of diazo-2 un-
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the tubules were fully differentiated, i.e., in stage 40 embryos that
were selected for correct EGFP expression. As shown in Fig. 4C (right
and middle panels), tubule development and differentiation was
abnormal with wider and shorter tubules (n=6 from 8 embryos
selected for EGFP expression). By comparison, tubule development on
the contralateral control side of the embryo was normal (Fig. 4C, left
and middle panels). Similar results were obtained when diazo-2 was
un-caged at late gastrula (n=6 from 10 embryos selected for EGFP
expression; Fig. 4D).
Correlation of localized Ca2+ transients and pronephric gene expression
The relationship between the location of the Ca2+ transients
observed and the expression pattern of the speciﬁc pronephric
tubule gene, XSMP-30, was also investigated. However, exploring the
correlation between the localization of Ca2+ signaling events and
gene expression patterns during tubulogenesis in intact embryos is
complicated by a combination of factors: (1) The whole embryo is aFig. 5. The expression of XSMP-30 correlates with domains of Ca2+ transients. (A) The pronep
Steinberg's solution until sibling control embryos reached stage 29. A representative example
Light emission, expressed in photons per second and reﬂecting changes in [Ca2+]i, starts jus
speciﬁc monoclonal antibody, 3G8 (see inset panel; scale bar is 100 µm). (B) Representative ex
period of ∼4.5 h after stage 14. Each aequorin-generated image represents 120 s of accumula
the explant. Color scale indicates luminescent ﬂux in photons/pixel. Scale bar is 100 µm. (C) A
on the bright-ﬁeld imaged grabbed at the end of acquisition (left panel). In the same explant
(right panel). The domain of gene expression is located within the domain of high Ca2+ signthree-dimensional structure, and aequorin-based imaging has poor
resolution in the z-axis; (2) The depth of ﬁeld provided by the
objective used to capture aequorin-generated light from a whole
embryo does not fully extend to the pronephric region, and (3) The
Xenopus embryo does not possess optimal optical properties (i.e.,
due to the presence of abundant yolk platelets and pigment). Thus,
in an attempt to simplify the experimental model and to help
correlate Ca2+ signaling with the pattern of speciﬁc pronephric gene
expression, a two-dimensional explant containing presumptive
pronephric mesoderm dissected from late-gastrula to early neurula
stage embryos and cultured to stages 35/36, was utilized. At stages
13.5–14 the pronephric territory is already speciﬁed. Thus, when
sibling embryos reached stages 35/36, differentiated tubules could
be observed in these explants by labeling via immunohistochem-
istry with the 3G8 antibody, (Fig. 5A, inset; Brennan et al., 1998).
Using aequorin and a PMT, the temporal Ca2+ dynamics from such
explants, from stage 14 (early neurula) to stage 29, were recorded
(Figure 5A). The Ca2+ dynamics recorded from these explants closely
resembles those obtained from intact embryos (n=7; compare Fig.hric territory was isolated from late gastrula aequorin-injected embryos and cultured in
of a PMT trace (n=7) obtained from an aequorin-loaded explant (integration time 30 s).
t prior to stage 14. Differentiated pronephric tubules can be visualized with the tubule-
ample (n=3) of the spatial distribution of a sequence of Ca2+ transients that occur over a
ted light. These have been superimposed on to the corresponding bright-ﬁeld images of
ccumulated increase in [Ca2+]i during 6 h of data acquisition, which was superimposed
, the expression pattern of XSMP-30was determined at stage 34 by in situ hybridization
als. Scale bar 100 µm.
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a maximum level at approximately stages 16–18, followed by a slow
decline back to a stable resting value. Superimposed on this
gradual change in [Ca2+]i a series of Ca2+ transients (average duration
of ∼7+2 min, n=40) of increased luminescence can be observed at all
stages (Fig. 5A).
In order to begin to explore the possible relationship between the
localized Ca2+ transients and the speciﬁc expression patterns of genes
involved in nephrogenesis, the pattern of XSMP-30 expression (using
in situ hybridization) was determined from explants ﬁxed following
aequorin-based Ca2+ imaging (Fig. 5B). A 6-h integration of all the
individual localized aequorin-generated light emission domains (Fig.
5C left panel) illustrates the fact that certain regions of the explant do
not signal at all, whereas others are responsible for generating most of
the signal. These same explants used for imaging were then ﬁxed at a
stage corresponding to stage 34 in intact sibling embryos and the
pattern of XSMP-30 expression was examined via in situ hybridization
(n=3). XSMP-30 expression was detected as a localized region
approximately overlapping the integrated domain of aequorin-
generated light emission, and thus that of an increase in [Ca2+]i (Fig.
5C right panel).
Discussion
Animal caps treated with activin A and retinoic acid, formed
pronephric tubules. The presence of tubules was identiﬁed by
immunocytochemistry, with an antibody (3G8) speciﬁc for the
tubule, or via RT-PCR and in situ hybridization to determine the
expression of speciﬁc gene markers such as XSMP-30. In addition,
when animal caps were treated with activin A and retinoic acid, an
increase in [Ca2+]i was observed approximately 1 h after treatment,
and this reached a maximum about 4 h later. We also demonstrated
that the increase in intracellular Ca2+ was due to the action of the
retinoic acid and not to that of the activin A. Moriya et al. (1993)
demonstrated by histological examination of the animal caps treated
with activin A and retinoic acid that some neural tissue can form in
addition to pronephric tubules. Under our experimental conditions,
however, retinoic acid alone did not result in the expression of two
neural speciﬁc genes, Zic3 and N-CAM (see Fig. 1F) but did result in
increases in Ca2+ (see Fig. 1E). This suggests that the Ca2+ signals
recorded were not associated with the formation of neural tissue
but rather with pronephric tubule formation. This is further
supported by the observation that when the increase in Ca2+ that
occurred in the animal caps (on treatment with activin A and
retinoic acid) was inhibited with BAPTA-AM or La3+, differentiation
of the pronephric tubules does not occur. This was observed by
immunocytochemistry (with antibodies to reveal the pronephric
tubule and duct), as well as by RT-PCR (by analyzing the level of
expression of XSMP-30). As La3+ was shown to have an effect on
tubulogenesis, this suggests that the source of the Ca2+ might be
extracellular and that Ca2+ enters the cytosol, possibly via TRP-like
channels. These experiments suggest that Ca2+ might be a necessary
signal for pronephric tubule differentiation in the ex vivo (i.e.,
animal cap) model. We also demonstrated that following treatment
with activin A, agonists such as caffeine, ionomycin or NH4Cl, which
are known to increase [Ca2+]i, were able to mimic the effect of
retinoic acid and thus trigger tubulogenesis. This suggests that
following activin A treatment, Ca2+ is a sufﬁcient signal to direct the
cells to follow a tubule fate. The increase in [Ca2+]i observed in
animal caps was also conﬁrmed in intact embryos (see Fig. 4A) and
in explants of the presumptive pronephric territories (see Fig. 5). In
addition, using the caged Ca2+ chelator diazo-2, we demonstrated
that an increase in [Ca2+]i is a necessary signal for tubulogenesis in
the intact embryo (see Figs. 4B–D).
These results suggest that retinoic acid may act as a speciﬁc
upstream component of a cell's Ca2+ signalling toolkit, the latter beinga concept originally proposed by Berridge et al. (2003). It is well
known that retinoids exert their effects on gene expression via
retinoic acid receptors (Bastien and Rochette-Egly, 2004). For some
pathologies, such as psoriasis, observations suggest that retinoids
exerts their therapeutic effects via actions on the cell membrane. For
example, it has been suggested by Varani et al. (1996) that in
ﬁbroblasts, retinoic acid decreases membrane ﬂuidity and blocks the
movement of Ca2+ across the plasmamembrane. In our case, however,
we report that retinoic acid treatment results in an increase in [Ca2+]i
(see Fig. 1E), perhaps suggesting a stimulation of inﬂux across the
plasma membrane.
It has also been demonstrated that treatment with retinoic acid
increased the activity of annexins resulting in a signiﬁcant increase in
[Ca2+]i (Sanchez and Wilkins, 2004). Annexins I to VII are Ca2+- and
phospholipid-binding proteins, characterised structurally by a highly
α-helical and tightly-packed core domain, which contains a central
hydrophilic pore that can function as a cation channel, with a high
selectivity for Ca2+ (Pollard and Rojas, 1988; Rojas et al., 1992; Kourie
andWood, 2000). Furthermore, annexin IV, which is involved in Ca2+-
activated epithelial chloride channel activity (Chan et al., 1994), has
been shown to be important for morphogenesis of pronephric tubules
in Xenopus embryos (Seville et al., 2002). Xenopus annexin IV (Xanx-4)
was identiﬁed by an approach that allows the isolation of molecules
speciﬁcally upregulated by activin and retinoic acid (Seville et al.,
2002). These authors showed that Xanx-4 depletion, using morpho-
linos, produced a shortened, enlarged tubule phenotype. In intact
embryos, we observed a similar phenotype, when the Ca2+ signals
were blocked by uncaging diazo-2 (see Figs. 4B–D).
However, little is known about the speciﬁc mechanisms involved
in controlling the entry of Ca2+ into cells during pronephric
formation. We observed that, in animal caps, the retinoic acid-
induced Ca2+ increase is totally blocked in the presence of the
protein synthesis inhibitor cycloheximide (see supplemental Fig. S1),
thus suggesting that the synthesis and incorporation of new plasma
membrane Ca2+ channels may be involved in the generation of the
pronephric Ca2+ signals. Previous studies have reported that
retinoid-induced differentiation of SH-SY5Y cells is associated with
an increase in voltage-dependent Ca2+ current density that results
from an increase in Ca2+ channel expression (Toselli et al., 1991).
Furthermore, during retinoic acid-induced differentiation of a
human teratocarcinoma cell line into NT2N neurons, the expression
of L- and N-type Ca2+ channels have been reported to increase ﬁve-
fold (Gao et al., 1998). In addition, Menard et al. (1999) show that
the expression of cardiac (α1C) L-type Ca2+ channels is up-regulated
during retinoic acid-induced differentiation of embryonic cardiac
H9C2 cells. These studies together with our new data suggest that
the mechanism by which retinoic acid induces an increase in [Ca2+]i
might be via the synthesis and incorporation of new Ca2+ channels
in the plasma membrane.
If this hypothesis is correct, then it would be of interest to identify
the Ca2+ channels involved. The effect of La3+ on tubulogenesis
suggests that Ca2+ may enter the cells via TRP channels. Polycystin-2
(TRPP2 according to TRP nomenclature; Clapham, 2003) is a member
of the TRP family of Ca2+-permeable cation channels. It has been
reported to be involved in autosomal dominant polycystic kidney
disease (ADPKD), which affects the differentiation of the tubules in the
mammalian kidney. Polycystin-2 is thought to function in combina-
tion with polycystin-1, a large plasma membrane integral protein
encoded by PKD1 gene, as part of a multiprotein complex, which is
permeable to Ca2+ with TRP channel-like properties. It has been
proposed that polycystin-2 forms the pore of the channel and
polycystin-1 is the regulatory subunit (Koulen et al., 2002). We have
already cloned the homologue of human PKD1 in Xenopus (XPKD1;
Burtey et al., 2005). Analysis of the tissue expression patterns of
XPKD1 demonstrated a high level of expression in the kidney. A similar
analysis in developing embryos and in the ex vivomodel (animal caps)
366 C. Leclerc et al. / Developmental Biology 321 (2008) 357–367suggests that XPKD1 is associated with, and possibly involved in, the
development of the amphibian pronephros (Burtey et al., 2005). The
use of PKD-derived morpholinos will form the basis of future work to
study the role of Ca2+ in the expression of genes responsible for
pronephric tubulogenesis in Xenopus.
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